Abstract.-A TiXi stiape-memory alloy was experimentally mariufactured by the vacuum hot wressinq method,using pure titanium and nickel powders.The homogeneity and density of the TiNi alloy obtained by this method varies accordin9 to the temperature and pressure applied during vacuum hot pressino as well as the holding time. The results of studies of mechanical and physical properties confirmed that the alloys obtained show extremely effective shape-memory characteristics. Thuslit was demonstrated that the Tihli shape-memory alloys can indeed also be produced by the vacuum hot pressing method using elemental titanium and nickel powders. 1nroduction.-In recent years,considerable attention has been focussed upon T&i alloys as well as various copper-based alloys which show shape-memory effects deriving from the martensite transitionland such alloys have been utilized as a new type of functional material(1-2). However,stable shape-memory characteristics and mechanical strength are required for practical applications,and as regards the practical use of copper-based alloys,problems still remain, because of their intergranular fracture and low fatigue strength. These problems are due to the large elastic inhomogeneity and relatively larqe grain size of copper-based alloys (3) (4) .
On the other hand, TiXi alloys possesses excellent properties as regards both mechanical strength and shape-memory characteristics. However,the range of applications of both titanium and nickel is restricted by the high cost of the materials and processing,and this constitutes one of the shortcomings involved in the use of these metals. As a means of solving these problems,"near net fabrication" at present constitutes one of the major subjects in this field. Especially in the case of TiNi alloys,since the phase transition temwerature( Ms) varies greatly with even slight changes of the nickel contentlit is important to obtain a homogeneous alloy.
Considering this point, TiNi shape-memory alloys produced using powder materials have been a subject of interest. The methods employed for their productions are of two kinds,i.e.,using prealloy metal powders(5) and using elemental metal powders. However,the high cost of manufacturing constitutes a disadvantage when prealloys are used. The present study clarifies the relation between hot pressing conditions and the homogeneity of TiNi shape-memory alloys manufactured by the vacuum hot pressing method using titanium and nickel elemental metal powders. A further objective of the present study is to investigate the physical and mechanical properties of Ti-Ni shape-memory alloys manufactured by the present method and to consider the possibility of their practical use. Experimental procedure.-The powder material used in the present experiments was a mixture of titanium(-350 mesh),of purity 99% or more ,which had been deoxidized in an atmosphere of hydrogen gas at 400°C for lhour,with a titanium-nickel mixing ratio of 50at%. The chemical com~osition of the titanium powder used is shown in Since carbon dies were employed for hot pressing, the Eormation of a carbon diffusion layer on the surface of the test pieces was to be expected. The results of analysis by EPMF-revealed a carbon diffusion layer of maximum thickness 300 pm. Thereforefthis layer was removed mechanically. To obtain the laminae used in the experiments , the test pieces produced in manner described above were covered with stainless steel plate and TIG-arc welded,then rolled to a draft of 70 to 84 B at temperatures of 700 and 900°C. In this manner, the hotrolled test pieces were subject to continuous homoaenization treatment (see Tab2 )at 900°C to 1000°C for 1 to 4 hours and the resulting speclmens werw used for the electric resistacce and tensile tests.The sizes of the specimens used were 2 mm (width) x0.5 mm( thickness) x40 mm (length) for the electric resistance tests and 3 mrn(width) x0.5 mm thickness)^ 40 mm(1ength:parallel portion)for the tensile tests;each specimen was cut by electrospark machining and the surface was emery polished.
Each specimen was then annealed(by heatina at 400 to 600°C for 1 hour followed by air-cooling) in vacuum and the surface was mirrorfinished by electrolytic polishing.
The homogeneity of the specimens obtained was observed by determining concentrations of constituents(using EPW.) and by characteristic X-ray images(NiKd and TiKa),and was further examined by means of hardness measurement using a micro-Vickers(500 g,30 sec).
The Ms temperature of the test piece was determined by electrical resistance measurements using the direct-current four-terminal methode. Mechanical properties and recovery rates were investigated with the initial strain rate of 10-3/sec usinq an Instron tvoe tensile tester fitted with a immersion apparatus by which 'the temnerature of the specimen can be varied.
Results and discussion 1. Vacuum hot pressing conditions.-In order to obtain homogeneous TiNi alloys possessinq shape-memorv characteristics which are adequate for applications; the first requirement is the determination of the most suitable vacuum hot pressing conditions. The main factors involved are heating temperature,prssure,holding time and the grain size of the metal powder. For the powder( Ti: -350 mesh,Ni:3-4 pn)used in the present experiment,when the temperature was 1050°C,the pressure 16 and 20 MPa, and the holding time 5 mimutes,the homogeneity and the density im~roved as the pressure was increased, as shown in Fiq.1.
A A
Also,homogeneity and density are,naturally ,affected by holding time Ti and Ni rich phase, as well as Ti2Ni and TiNij compounds, exist in addition to the Ti-50Ni phase ,howevertthere is a tendency for these to decrease and become converted to the TiNi single phase as the holdinq timeis increased. In the case Fig.1 SEM microstructure of vacuum hot pressed when the holding time was specimens at 1050°C for 5 min holding time at 5 minutes,the density of (A) 12MPa, (B) 16MPa and (C) 20MPa. 
t i l l remain when t h e h o l d i n g t i m e was 5 minu t e s . On t h e o t h e r hand, d i f f u s i o n of t h e s e r i c h
t h e specimens o b t a i n e d a t h e a t i n g t e m p e r a t u r e 1050°C and p r e s s u r e 1 2 , 16 and 20 NPa d i s p l a y e d 82%,86% and 9 3 % , r e s p e c t i v e l y , o f t h e t h e o r e t ic a l d e n s i t y o f t h e T i N i a l l o y . When t h e h o l d i n g t i m e was 60 m i n u t e s , t h i s r a t i o i n c r e a s e d t o between 94 and 95%. T h u s , t h e homogeneity and d e n s i t y of t h e a l l o y show a t e n d e n c y t o i n c r e a s e a l o n g w i t h i n c r e a s i n g p r e s s u r e . T h e r e f o r , h i g h e r p r e s s u r e s a r e desirable,however,taking i n t o c o n s i d e r a t i o n t h e h i g h t e m p e r a t u r e s t r e n g t h of t h e c a r b o n d i e s used i n t h e s e s t u d i e s , t h e f o l l o w i n g e x p e r i m e n t s were c a r r i e d o u t u s i n g a p r e ss u r e o f 20 MPa. C o n s i d e r i n g t h e e u t e c t i c t e m p e r a t u r e ( -.. l l l O°C ) of T i N i and TiNi3 a s d e t e r m i n e d from t h e p h a s e diaqram of t h e t i t a n i u m -n i c k e l system, and t h e d i f f u s i o n v e l o c i t y between t i t a n i u m and ntCke1,a h e a t i n g t e mp e r a t u r e of 1050°C was u s e d .
F i g . 2 ( a ) shows t h e changes i n n i c k e l c o n c e n t r a t i o n ( a t . % ) and h a r d n e s s observed when v a r y i n g t h e h o l d i n g t i m e o f t h e specimens which were vacuum h o t -p r e s s e d u n d e r t h e c o n d i t i o n s d e s c r i b e d above. s l i g h t r e m a i n i n g p o r t i o n s (volume r a t i o : 0 . 8 % ) h a v i n g a n i c k e l c o n t e n t o f a p p r o x i m a t e l y 41 a t % .
I n o r d e r t o improve t h e s e h e t e r o g e n e o u s p o r t i o n s , t h e specimens which had o n l y been vacuum h o t -p r e s s e d w e r e h o t c e a s e r o l l e d and t h e n s u b j e c t e d t o t h e r m a l homogenization t r e a t m e n t . F i g . 4 shows SEM o b s e r v a t i o n a n s t h e l i n e a n a l y s i s u s i n g T i U and NiKd c h a r a c t e r i s t i c X-ray f o r specimens which were s u b j e c t e d t o t h e rmal homogenization t r e a t m e n t u n d e r t h e c o n d i t i o n s shown i n T a b . 2 ( t h e n i c k e l c o n t e n t of t h e p o r t i o n s shown a s "A" and "B" i n t h e f i g u r e a r e i n d i c a t e d i n t h e c a p t i o n ) . . '
. -$ #?, ,t ._. < . a t .%) and (b) 60minutes
Fig. 4 EPMA r e s u l t s and
NiKol and Tic€ X-ray images f o r (A) specimen 1 (A; Ni=52.7 a t . % , R ; Ni=73.3 a t .%) , (B) spec-
P i g . 5 shows t h e r e s u l t s of t h e i n v e s t i g a t i o n s of t h e e f f r e c t s a r i s i n g when thermal homogenization t r e a t m e n t was c a r r i e d o u t a t 1000 OC i n an argon atmosphere f o r a maximum of 2 4 h o u r s a f t e r h o t c e a s e r o l l i n g o f specimens f o r which t h e h o l d i n g t i m e s d u r i n g vacuum h o t p r e s s i n g were 5 , 3 0 and 60 minutes. The a x i s of o r d i n a t e s shows t h e n i c k e l a t % of t h e r e g i o n w i t h t h e h i g h e s t n i c k e l c o n c e n t r a t i o n .
by t h e two h o u r s of thermal F i g . 5 R e l a t i o n between maximum n i c k e l homogenization t r e a t m e n t . the case of the c o n t e n t and a n n e a l i n g time a t 1000°C f o r specimen produced with a hold-
specimen w i t h v a r i o u s h o l d i n g time Frome t h e s e r e s u l t s , it i s seen t h a t t h e specimen produced w i t h a h o l d i n g time of 5
minutes was c o n s i d e r a b l y i m --proved i n homogeneity by h e a t f 7 0 t r e a t m e n t up t o 1 0 hours. However,homogeneity was n o t f u r -I t h e r improved by h e a t t r e a t -.4 i 6 0 ment continued l o n g e r t h a n t h a t time,and t h e n i c k e l con-1 t e n t a f t e r 2 4 h o u r s of h e a t t r e a t m e n t was 5 1 . 4 a t % . On t h e a n i c k e l c o n t e n t s of 5 0 . 3 a t . % i n g time of 60 m i n u t e s l a homogeneous a l l o y w i t h a n i c k e l c o n t e n t s of about 50.5 a t . % could be o b t a i n e d even i f l e f t w i t h o u t f u r t h e r t r e a tmen1 i n t h e s t a t e f o l l o w i n g h e a t c e a s e r o l l i n g . However,as w i l l be p o i n t e d o u t i n t h e f o l l o w i n g s e c t i o n , t h e r m a l homogenezation t r e a t m e n t f o r 2 t o 4 hours i s r e q u i r e d from t h e viewpoint o f mechanical propert i e s . 2. Mechanical p r o p e r t i e s and shape-memory e f f e c t s . -F i g . 6 shows t h e r e s u l t s of e l e c t r i c a l r e s i s t a n c e measurements of specimens a i r -c o o l e d a f t e r h e a t i n g t o 400,500 and 600°C i n argon g a s f o r t h e sample 2 l i s t e d i n Tab Table. 2 Fabrication process conditions of electrical resistivity measurement specimens.
The r e s u l t s show t h a t t h e p a t t e r n of t h e changes i n r e s i s t a n c e concomitant w i t h d i f f e r e n c e s i n h e a t -, ,. t r e a t m e n t t e m p e r a t u r e s shows t h e 2 0 9 , same t e n d e n c i e s a s i n t h e c a s e o f a , , . specimens manufactured by t h e , t o melted method ( 6 ) . I n p a r t i c u l a r , 2 0 st h e form of t h e p r e n a r t e n s i t e 8 1 2 ' -which a p p e a r s when h e a t t r e a t m e n t 8 l 1 -i s c a r r i e d o u t a t 500°C i s 1 0 500°C were 3,-17 and -2 0°C , r e s p e c t i v e l y . The V s t e m p e r a t u r e of t h e TiPJi a l l o y s o b t a i n e d i n t h i s c a s e d i s p l a y e d a tendency toward an o v e r a l l s h i f t t o t h e low t e m p e r a t u r e s i d e , a s compared with t h e d a t a i n t h e r ep o r t ( 6 ) concerning changes of M s t e m p e r a t u r e with n i c k e l c o n t e n t s i n T i N i a l l o y s u s i n g melted m a t e r i a l . T h i s seems t o be caused by t h e e f f e c t of t h e i m p u r i t i e s , e s p e c i a l l y oxygen,which a r e p r e s e n t i n t h e m i n u t e l y f i n e m e t a l powder. Fig.7 shows t h e s t r e s s -s t r a i n c u r v e s f o r sample 2 and 3. A s i s obv i o u s from t h i s f i g u r e , t h e specimen produced w i t h a h o l d i n g time of 60 minutes d u r i n g vacuum h o t p r e s s i n g shows a l a r g e e l o n g a t i o n a s compared w i t h t h e specimen h e l d f o r 5 m i n u t e s , t h u s i n d i c a t i n g improvement i n t h e c h a r a c t e r i s t i c s of t h e specimen,i.e.,homogeneization,increase i n d e n s i -400C t y , e t c . . Fig.8 shows t h e r e s u l t s of a s c e r -giooO' t a i n i n g shape-memory e f f e c t s i n I . sample 3. A s i s c l e a r from t h e f i g u r e 8oo.
, a d e q u a t e shape-memory e f f e c t s a r e manifested. F i g . 9 and 10 show t h e r e --s u l t s , f o r sample 3,of i n v e s t i g a t i o n s ,
c a r r i e d o u t by means of a t e n s i l e t e s t e r ,concerning t h e e x t e n t t o which , ool t h e r e c o v e r y r a t e and r e c o v e r y power due t o t h e shape-memory e f f e c t change i n r e l a t i o n t o t h e number of c y c l e s 200- when r e p e a t e d deformations a r e c a rr i e d o u t . The s t r a i n shown i n t h e f i g u r e s i n d i c a t e s t h e p r e s t r a i n s ( a 
w i t h t h a t of t h e melted
Temperature ( C ) m a t e r i a l . For samples 1,2 and 3 , the Ms temperature in the case Fig. 6 Effect of quenching temperature on of heat f o r hour at r e s i s t i v i t y -t e i n p e r a t u r e curves for specimen 2 . -c) a p p l i e d i n t h e low t e m p e r a t u r e phase (martensite phase) . ,,Recovery ~i g .
7
Stress-strain relation for specimens is defined as the stress produced with holding times of 5 m i n and 60 which i s g e n e r a t e d a s t h e specimen I I I I . , 
d i n t h e g r i p of t h e t e n s i l e t e s t e r a t t e m p t s t o r e v e r t t o t h e s t a t e
it was i n b e f o r e t h e p r e s t r a i n w a s applied,when t h e specimen h a s been transformed t o t h e h i g h t e m p e r a t u r e phase a f t e r a p p l y i n g t h e ? r e s t r a i n .
"Recovery r a t e " i s d e f i n e d , a s shown i n t h e f i g u r e r a s t h e r a t i o of (i) t h e amount of r e c o v e r y ( a -c ) when r e t u r n e d t o low t e m p e r a t u r e phase a ft e r r e l e a s i n g ( d -e ) t h e s t r e s s which i s f u r t h e r g e n e r a t e d i n t h e h i g h t e m p e r a t u r e phase and (ii) t h e p r e s t r a i n ( a -c ) . The r e s u l t s showed t h a t b o t h t h e r e c o v e r y r a t e and s t r e s s d i s p l a y a tendency t o i n c r e a s e w i t h t h e number of c y c l e s , a n d t h i s tendency i s same a s t h a t show by specimen prepared by t h e melted m e t h o d ( ? ) . F u r t h e r m o r e , t h e t e m p e r a t u r e of t h e h i g h t e m p e r a t u r e phase which p r o v i d e s t h e shape-memory y i e l d s t h e o p t imal s t a t e of r e c o v e r y raEe and r e c o v e r y power when 30°c h i g h e r t h a n t h e f i n a l t e m p e r a t u r e of t h e r e v e r s e t r a n s f o r m a t i o n l i . e . A f ) . These r e s u l t s a g r e e w i t h t h e c o r r e s p o n d i n g r e s u l t s f o r specimens prepared by t h e melted method.
Conclusion. -
(1) Production of T i N i shape-memory a l l o y s w i t h a d e n s i t y of 95% of t h e i d e a l v a l u e i s p o s s i b l e u s i n g a mixed powder of p u r e t i t a n i u m and p u r e n i c k e l processed by t h e vacuum h o t p r e s s i n g method a t a temperat u r e of 1050°C,pressure 20MPa and h o l d i n g t i m e of 60 minutes.
(2) Titanium and n i c k e l r i c h phases e x i s t i n a d d i t i o n t o t h e TiNi phase i n specimens processed o n l y by vacuum h o t pressing,however,such specimens m a n i f e s t a tendency t o s h i f t f u r t h e r toward t h e T i N i s i n g l e phase when h e a t t r e a t m e n t i s a p p l i e d t o e f f e c t homogeneization. References.- 
